MPYS, also known as STING and MITA, is an interferon (IFN)b stimulator essential for host defense against RNA, DNA viruses and intracellular bacteria. MPYS also facilitates the adjuvant activity of DNA vaccines. Here, we report identification of a distinct human MPYS haplotype that contains three non-synonymous single nucleotide polymorphisms (SNPs), R71H-G230A-R293Q (thus, named the HAQ haplotype). We estimate, in two cohorts (1074 individuals), that B3% of Americans are homozygous for this HAQ haplotype. HAQ MPYS exhibits a 490% loss in the ability to stimulate IFNb production. Furthermore, fibroblasts and macrophage cells expressing HAQ are defective in Listeria monocytogenes infection-induced IFNb production. Lastly, we find that the loss of IFNb activity is due primarily to the R71H and R293Q SNPs in HAQ. We hypothesize that individuals carrying HAQ may exhibit heightened susceptibility to viral infection and respond poorly to DNA vaccines.
Introduction
Infectious diseases kill more people worldwide than any other single cause. It has been recognized that genetic variations, for example, single nucleotide polymorphisms or single nucleotide polymorphisms (SNPs), of key molecular components in human host defense can have critical roles in determining the susceptibility of individuals to infection. 1 The D299G SNP found in the extracellular domain of Toll-like receptor-4 is associated with decreased airway response to inhaled bacterial lipopolysaccharide 2 and enhanced susceptibility to Gram-negative infection. 3 The S183I SNP, which occurs in the second caspase recruitment domain repeat of retinoic acid-inducible protein-I confers a dominant inhibitory function. 4 MPYS was originally identified as a mediator of anti-major histocompatibility complex II monoclonal antibody-induced apoptosis in B-lymphoma cells. 5 It was subsequently discovered that MPYS is essential for innate immune responses to RNA, DNA viruses and intracellular bacteria, coupling infection to interferon (IFN)b production. 6 Recently, it was shown that MPYS also facilitates the adjuvant activity of DNA vaccines. 7 The molecular mechanism of MPYS function is not completely understood. It is known that MPYS induction of cell death requires extracellular signalregulated kinase activation. 5 MPYS also activates IRF3 8 and TBK1 is required for MPYS-induced Type I IFN production. 6 Human MPYS has three validated non-synonymous SNPs: R71H (rs11554776), H232R (rs1131769) and R293Q (rs7380824). The nature and location of these SNPs suggest that they may alter the activity of the molecule. Both the H232R and R293Q are in the cytoplasmic tail of MPYS adjacent to conserved Traf2-binding motifs: 226 PxQxxD 231 and 294 TLED/E. R71H lies in an ectodomain of MPYS adjacent to a leucine rich repeat motif of unknown function. Interestingly, in most other species, Arg71 is replaced by Cys71.
Here, we report that R71H and R293Q SNPs are in linkage disequilibrium and, together with a novel non-synonymous SNP G230A, form a distinct haplotype termed HAQ. More importantly, HAQ MPYS is defective in IFNb stimulation and this defect is primarily attributable to R71H and R293Q SNPs.
Results
Identification of a R71H (rs11554776)-G230A (rs78233829)-R293Q (rs7380824) (HAQ) human MPYS haplotype MPYS has three validated non-synonymous SNPs R71H (rs11554776), H232R (rs1131769) and R293Q (rs7380824) in dbSNPs. To identify individuals carrying these MPYS SNPs, we screened human genomic DNA samples from two cohorts of 1074 total individuals (Table 1) . We found that R71H SNP is in linkage disequilibrium with R293Q SNP (H71-Q293 haplotype) (Figures 1a and b) . Sequencing the entire coding region of the MPYS gene from individuals carrying the H71-Q293 SNPs haplotype revealed a new SNP (G230A) that co-segregates with the H71-Q293 SNPs haplotype (Figures 1a and b) . Thus, these three non-synonymous SNPs, R71H, G230A and R293Q, form a distinct SNP haplotype (Figure 1c ), which we refer as HAQ on the basis of the amino acids encoded by the SNPs.
The HAQ haplotype also contains the reported H232R SNP (HAQ-R232 haplotype, Figures 1a and b) . However, in cohort I, we found that only 2% people (10 out of 545) are homozygous for the H232 allele whereas 45% people (248 out of 545) are homozygous for the R232 allele, which is the allele that co-segregates with HAQ ( Figure 1b) . Thus, the R232 allele is prevalent and we consider it as wild type (WT) (Figure 1c ). It is therefore noteworthy that the previous reported human MPYS (STING/MITA) is the rare H232 allele. 6, 8 On the basis of data from two cohorts (Table 1) , we estimate that B3% of Americans are homozygous for this HAQ haplotype.
HAQ MPYS is defective in stimulation of IFNb production MPYS is an IFNb stimulator. 6 To examine the relative functional activity of the MPYS SNP haplotypes observed in human populations (Table 1) , we expressed each of the four haplotypes, that is, WT, H232, Q293 and HAQ, in the 293MT cells and measured activation of IFNb production. In addition, we measured phosphorylation of IRF3, which lies downstream from MPYS in the IFNb stimulation pathway. 8 The 293MT, a derivative of HEK293, was used because it expresses no detectable endogenous MPYS (Figure 2b ). Relative to WT, HAQ MPYS displayed a 90% reduced ability to activate IFNb promoter ( Figure 2a ) and IRF3 phosphorylation (Figure 2b ). The ability of HAQ to induce IFNb protein production detected by enzyme-linked immunosorbent assay was similarly reduced (Figure 2c ).
About 20% of subjects in our cohorts have one copy of HAQ. Most of them are WT/HAQ (B15%) ( Table 1) . We found that this genotype (WT/HAQ) also has decreased IFNb responses (Figures 3a and b) and IRF3 activation (Figure 3c ). Considering the fact that MPYS functions as a homodimer, 5, 9 this result suggests that the HAQ-MPYS maybe a dominant allele.
Listeria monocytogenes induction of IFNb production is impaired in cells expressing HAQ MPYS is required for Listeria monocytogenes-induced IFNb responses in mouse embryonic fibroblasts. 6 We produced 293MT cells stably expressing HAQ, WT-MPYS or Vector (Figure 4a ) and examined Listeria monocytogenes infection induction of IFNb production by enzymelinked immunosorbent assay. HAQ-MPYS transduced dramatically decreased IFNb responses to Listeria monocytogenes relative to WT-MPYS (Figure 4b ). We also reconstituted bone marrow-derived macrophages from STING/MPYS deficient mice with WT-MPYS, HAQ-MPYS and Vec-control (Figure 4c) , and found that HAQ-bone marrow-derived macrophage has dramatically decreased IFNb production similar to the result in 293MT cells (Figure 4d ).
The IFNb stimulation defect of HAQ MPYS can be ascribed to R71H and R293Q SNPs We next sought to determine which SNPs in HAQ are responsible for defective MPYS function. HAQ contains three SNPs, R71H, G230A and R293Q. Among them, amino acid 230 is not conserved among species (Figure 5e ). More importantly, HQ (H71-G230-Q293) was found to have the same IFNb-stimulating defect as the HAQ (H71-A230-Q293) (Figures 5a-c) . Furthermore, the G230A SNP alone has similar IFNb stimulation ability as the WT MPYS (data not shown). Thus, the R293Q and R71H SNPs are likely the primary determinants of the decreased IFNb-stimulating ability of HAQ MPYS.
The Q293 allele has decreased ability to activate IFNb production ( Figure 2 ), as does WT/Q293 genotype ( Figure 3) . However, the IFNb-stimulating defect seen in cells expressing Q293 is mild compared with those expressing HAQ (Figures 2, 3 and 5). The H71 allele has a more severe IFNb-stimulating defect than the Q293 allele (Figures 5a and b ). Yet H71 allele alone is a better IFNb stimulator than HAQ (Figures 5a-c) . We concluded that both the Q293 and H71 alleles are responsible for the IFNb-stimulating defect of HAQ.
MPYS cysteines adjacent to R293Q and R71H SNPs are critical for IFNb stimulation
We then tried to understand how R293Q and R71H SNPs mediate their effects on MPYS ability to stimulate IFNb production. We noted that Arg71 is replaced by a conserved Cys71 in five species including mouse ( Figure 5d ). Arg293 is adjacent to a conserved Cys292 (Figure 5e ). We, thus, hypothesized these cysteines may be important for MPYS functions and R71H, R293Q SNPs may affect IFNb stimulation by influencing the function of these Cysteines.
The existence of a conserved cysteine, Cys292, near the conserved Arg293 (Cys 292 -Arg 293 ) is significant because the positive charge of the Arg293 residue could lower the pKa of Cys292 favoring the disulfide bond formation or other Cys-related modifications. 10 The charge change in R293Q may thus affect the function of Cys292. Consistent with this possibility, we found that mutating . It is likely that the R71H SNP was introduced specifically to the Q293 carrier during the evolution.
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Cys292 to Ser292 completely destroyed MPYS ability to induce IFNb expression and IRF3 phosphorylation (Figures 5f-h ).
Extending the concept that cysteines have critical roles in MPYS signaling is the fact that Arg71, which lies in the first ectodomain loop of MPYS near a predicted leucine Loss-of-function human MPYS haplotype L Jin et al rich repeat (Figure 5d) , is proximal to a C 88 xxC 91 redox motif. Mutation of the C 88 xxC 91 to S 88 xxS 91 , eliminated MPYS ability to induce IRF3 phosphorylation and IFNb production (Figures 5f-h) .
We conclude that cysteines near R293Q and R71H SNPs, Cys-292 and C 88 xxC 91 are important for IFNb stimulation and speculate that the amino acids changes in these two SNPs may influence the functions of these critical cysteines.
Discussion
In this report, we identified a human MPYS SNP haplotype (HAQ) that encodes a R71H-G230A-R293Q amino acid sequence variant defective in stimulation of IFNb production. In addition, we show that the IFNbstimulating defect of HAQ is caused by the R71H and R293Q.
The identification and study of this IFNb-stimulating deficient SNPs haplotype (HAQ) has led to important insight to the mechanism of MPYS function. Previous studies suggest that MPYS function as an adapter protein that recruits IRF3 upon viral infection. 8 However, we found that the loss-of-function HAQ mutant has similar IRF3 association as WT-MPYS (Supplementary Figure  1a) . Furthermore, though the R293Q SNP is adjacent to a MPYS Traf2 binding site, it also has similar Traf2 binding as WT-MPYS (Supplementary Figure 1b) . Thus, the IFNb defect in those SNPs is not easily explained by the adapter model of MPYS. Instead, we found that SNP-adjacent cysteines, Cys-292 and C 88 xxC 91 , are critical for IFNb stimulation. We speculate that these SNPs may influence the function of adjacent critical cysteines, thus affect IFNb stimulation.
In our cohorts, the HAQ/HAQ homozygosity accounts for B3% of the total population (33 out of 1074). Interestingly, according to the frequency data in the dbSNPs, the H71-Q293 homozygosity frequency is almost nine times higher in Asian (Han Chinese and Japanese) (B15%) than in European (B1.7%). Meanwhile, the H232/H232 homozygosity in Asian is about 1-2%, which is similar to what we found in American in this study (Table 1 ). This suggests that the HAQ haplotype, but not the H232, may be under natural selection.
MPYS is important for host defense against RNA and DNA viruses in mice, 6, 7 thus the HAQ homozygous individuals may be susceptible to viral infection. Conversely, MPYS is also required for Listeria monocytogenesinduced IFNb response in fibroblasts and macrophages. 6 As Type I IFN mediates the susceptibility to Listeria monocytogenes infection, 11 these HAQ individuals may be 7 these HAQ individuals may be poor recipients for DNA vaccinations.
In conclusion, we have identified a novel MPYS SNP haplotype (HAQ) that is defective in transmission of signals leading to IFNb production. Future studies should be directed at understanding the role of HAQ in various human infectious diseases.
Materials and methods

MPYS SNP genotyping
Human DNA samples from cohort I were collected at Duke University Medical Center (IRB protocol 1048) and used at National Jewish Health (IRB protocol HS2255). Human DNA samples from cohort II were collected and used at University of Washington, Division of Pulmonary and Critical Care Medicine (IRB protocol 03-8666). The genotyping was performed using custom Taqman probes and 2xTaqman genotyping mix on the Applied Biosystems 7900 Sequence Detection System following standard manufacturer's protocols. Each 15-ml reaction contained 15 ng genomic DNA. Genotypes were determined using the SDS 2.3 software (Applied Biosystems, Foster City, CA, USA). All human studies were performed in compliance with the United States Department of Health and Human Services Guide and approved by related Institutional Review Boards.
MPYS exon sequencing
Primers were designed to amplify exons (1-2), exons (3-4-5), exon 6, exon7a and exon (7b-3 0 UTR) (Supplementary Table 1 ). PCR were performed with PrimeSTAR DNA polymerase (TaKaRa, Madison, WI, USA, R010A) under the following conditions: 98 1C 1 min, 32 cycles of 98 1C 10 s, 60 1C 5 s and 72 1C 1 min, then 72 1C for 5 min. The PCR products were purified using the QIAquick PCR Purification kit (QIAGEN, Valencia, CA, USA, 28106) and directly sequenced using Agencourt Genomic Service.
Cell culture
The 293MT cells were sub-cultured from 293GT 12 cells in Dulbecco's modified Eagle's medium (GIBCO, Carlsbad, CA, USA, cat: 11965), 5% fetal bovine serum (Biosource, Camarillo, CA, USA, 200p-500HI), sodium pyruvate (GIBCO, 11360, 1 mM), HEPES buffer (GIBCO, 15630-080, 10 mM) and 2-mercaptoethanol (50 mM) (Life Technologies, Gaithersburg, MD, USA). Sub-cultured 293GT cells that stimulate IFNb production following MPYS overexpression were selected as 293MT cells.
Reporter gene assay Cells were seeded in 24-well dishes (B1 Â 10 5 ml À1 ) and transfected the following day using Effectene transfection reagent kit (Qiagen, 301427). Reporter assays were performed as previous described. 13 All experiments were repeated at least three times and results are representative. 
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Measuring IFNb production Human IFNb production was measured using the Verikine Human IFN-b ELISA kit (PBL interferon source, Piscataway, NJ, USA, 41410). Briefly, 293MT cells were cultured with 500 ml Dulbecco's modified Eagle's medium medium in 24-wells plate as before. MPYS DNA was transfected into the cells as above. After 24 h, the medium was collected. The enzyme-linked immunosorbent assay was performed using pre-coated plate following manufacturer's protocols. The IFNb detection limit is 50-4000 pg ml
À1
.
Immunoprecipitation
Cells were lysed in 0.33% CHAPS buffer (150 mM NaCl, 10 mM Tris pH 7.5, 10 mM sodium pyrophosphate, 2 mM Na 3 VO 4 , 10 mM NaF, 0.4 mM EDTA, 1 mM PMSF and 1 mg ml À1 each of aprotinin, a 1 -antitrypsin and leupeptin) at 4 1C for 1 h. Cell lysates were centrifuged at 12 000 g at 4 1C for 10 min. Immunoprecipitation was done in the lysates with indicated antibody-conjugated Sepharose beads.
Listeria monocytogenes infection Cells were infected with Listeria monocytogenes strain 10403S at multiplicity of five bacteria/cell. Cells were washed at 1 h after infection. Live bacteria were killed by addition of gentamicin. Supernatant is collected after 18 h after infection.
Intracellular staining
Cells were harvested and washed in FACS buffer (phosphate-buffered saline with 2% fetal calf serum, 0.05% sodium azide and 0.2 mg ml À1 2.4g2 Fc-receptor blocking antibody). Cells were then re-suspended in BD Cytofix/Cytoperm buffer (BD Bioscience, San Jose, CA, USA, 554722) for 20 min at room temperature. BD Perm/Wash buffer (BD Bioscience, 554723) was added into the cell suspension. Cells were collected and washed with BD Perm/wash buffer again. Cells were then suspended in BD Perm/wash buffer containing staining antibody for 15 min at room temperature. Cells were collected and washed with BD Perm/wash buffer twice, then analyzed using a FACSCalibur. Data were analyzed by Flow-Jo software (Tree Star Inc., San Carlos, CA, USA).
Bone -marrow-derived macrophages reconstitution Bone marrow-derived macrophage from STINGÀ/À mice were reconstituted with MSCV-green fluorescent protein (GFP) construct expressing MPYS, HAQ or vec. Briefly, MSCV-MPYS-GFP, MSCV-HAQ-GFP or MSCVVec-GFP construct was transfected into Amphotropic phoenix cells to make retrovirus. After 48 h, supernatant were collected and used to spin-infect the bone-marrow cells as before.
14 The bone-marrow cells were then cultured in Dulbecco's modified Eagle's medium medium containing 20% fetal calf serum, 10% L-CSF, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U ml À1 penicillin, 100 mg ml À1 streptomycin and 50 mM 2-ME. After 7 days, cells were examined for F4/80 expression. GFPpositive cells were then sorted and used for experiments.
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